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CIRCULAR POLE PIECE AND MRI SYSTEM 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to a circular pole piece included 
in a magnetic circuit for magnetic resonance imaging (MRI) and an MRI system. 
More particularly, the present invention relates to a circular pole piece capable of 
minimizing a residual magnetic induction and an MRI system employing the circular 
pole piece. 

[0002] In the past, a circular pole piece included in a magnetic circuit 
for magnetic resonance imaging (MRI) has been shaped substantially circularly as a 
whole by arranging laminate blocks each of which has square or rectangular silicon 
steel sheet tiles or heteromorphic soft magnetic material tiles, each of which is used to 
fill a gap among adjoining square or rectangular tiles, layered (see, for example, Fig. 1 
in Patent Document 1). Otherwise, the circular pole piece has been shaped 
substantially circularly as a whole by arranging laminate blocks, each of which has 
trapezoidal or annularly sectoral soft magnetic material tiles, layered in the form of 
multiple concentric rings (see, for example, Fig. 21 in the Patent Document 1). 

[0003] The soft magnetic material tiles are made of, for example, a 
silicon steel sheet and exhibit a hysteresis. Therefore, after a magnetic field gradient 
is applied to the circular pole piece, a residual magnetic induction occurs in the 
circular pole piece. The magnetic induction varies depending on a change in the 
magnetic field gradient. However, when the residual magnetic induction in the 
circular pole piece varies, it affects an image. 

[0004] In the past, efforts have been made to devise a pulse sequence 
that is effective in suppressing the adverse effect (refer to, for example, Patent 
Document 2). 



[0005] [Patent Document 1 ] 
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[0006] Japanese Unexamined Patent Application Publication No. 

2000-200716 

[0007] [Patent Document 2] 

[0008] Japanese Unexamined Patent Application Publication No. 

2000-185023 

[0009] In the past, the adverse effect of the residual magnetic 
induction in a circular pole piece has been suppressed by devising a pulse sequence. 
However, this imposes a load on an MRI system. 

BRIEF DESCRIPTION OF THE INVENTION 

[0010] An object of the present invention is to provide a circular pole 
piece and an MRI system capable of minimizing a residual magnetic induction. 

[0011] According to the first aspect of the present invention, a 
circular pole piece included in a magnetic circuit for magnetic resonance imaging is 
divided into at least two portions, that is, a center portion including the center of the 
circular pole piece and a marginal portion including the margin thereof. The 
permeability which the center portion made of a soft magnetic material exhibits with 
an external magnetic field applied thereto is higher than that of the marginal portion 
made of a soft magnetic material. 

[0012] The higher the permeability is, the smaller the residual 
magnetic induction in a soft magnetic material is. Therefore, the permeability should 
be as high as possible. 

[0013] On the other hand, the external magnetic field strength 
applied to the center portion of the circular pole piece is different from that applied to 
the marginal portion thereof. The external magnetic field strength applied to the 
center portion ranges, for example, from 20 A/m to 60 A/m, while the external 
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magnetic field strength applied to the marginal portion ranges, for example, from 50 
A/mto 150 A/m. 

[0014] The permeability of a soft magnetic material varies depending 
on the strength of an applied magnetic field. The strength of an external magnetic 
field maximizing the permeability depends on the soft magnetic material. 

[0015] In the circular pole piece in accordance with the first aspect, 
the permeability which the center portion made of a soft magnetic material exhibits 
with a feebler external magnetic field than that applied to the marginal portion applied 
thereto is higher than the permeability which the marginal portion made of a soft 
magnetic material exhibits with a stronger external magnetic field than that applied to 
the center portion applied thereto. This results in a smaller residual magnetic 
induction in the center portion located near an imaging area. Although the residual 
magnetic induction in the marginal portion is larger than that in the center portion, the 
adverse effect of the residual magnetic induction in the marginal portion is limited 
because the marginal portion is located far from the imaging area. 

[0016] According to the second aspect of the present invention, a 
circular pole piece has the same structure as the foregoing one. However, the 
compositions of the soft magnetic materials to be made into the respective portions of 
the circular pole piece are different from each other. 

[0017] In the circular pole piece in accordance with the second 
aspect, the soft magnetic material to be made into the center portion and that to be 
made into the marginal portion are selected under the following conditions. 

[0018] (1) Adopted as the soft magnetic material to be made into the 
center portion is a soft magnetic material that exhibits as high a permeability as 
possible (for example, 10000 or more) with a relatively small external magnetic field 
(for example, ranging from 20 A/m to 60 A/m) applied thereto. 
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[0019] (2) Adopted as the soft magnetic material to be made into the 
marginal portion is a soft magnetic material that exhibits as high a permeability as 
possible (for example, 6000 or more) with a relatively large external magnetic field 
(for example, ranging from 50 A/m to 150 A/m) applied thereto. 

[0020] (3) The permeability which the soft magnetic material to be 
made into the center portion exhibits with an external magnetic field applied thereto is 
higher than the one which the soft magnetic material to be made into the marginal 
portion exhibits with an external magnetic field applied thereto. Experiments 
performed by the present inventor demonstrate that: when the maximum value of the 
permeability which the soft magnetic material to be made into the center portion 
exhibits with an external magnetic field applied thereto is twice or more higher than 
that of the permeability of the soft magnetic material to be made into the marginal 
portion, the residual magnetic induction in the center portion located near the imaging 
area can be minimized. 

[0021] According to the third aspect of the present invention, a 
circular pole piece has the same structure as the aforesaid ones. Herein, the center 
portion made of a soft magnetic material has a plurality of directional magnetic steel 
sheet tiles layered with the directions of the axes of easy magnetization of the 
respective tiles varied so that the tiles will exhibit a non-directional property as a 
whole. The marginal portion made of a soft magnetic material is formed with non- 
directional magnetic steel sheet tiles devoid of an axis of easy magnetization. 

[0022] The permeability of a directional magnetic steel sheet is 
higher in the center thereof to which a relatively week external magnetic field is 
applied. On the other hand, the permeability of a non-directional magnetic steel sheet 
is lower than the permeability which the center of the directional magnetic steel sheet 
exhibits with an external magnetic field applied thereto. However, the non-directional 
magnetic steel sheet is inexpensive. 
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[0023] Therefore, in the circular pole piece in accordance with the 
third aspect, the directional magnetic steel sheet is adopted for the center portion, and 
the non-directional magnetic steel sheet is adopted for the marginal portion. 
Consequently, the residual magnetic induction in the center portion located near the 
imaging area can be minimized, and the cost of the circular pole piece can be lowered. 

[0024] Moreover, directional magnetic steel sheet tiles are layered 
with the directions of the axes of easy magnetization thereof varied so that the tiles 
will exhibit a non-directional property as a whole. Therefore, a residual magnetic 
induction can be minimized irrespective of the direction of an external magnetic field 
(in particular, the direction of a magnetic field gradient). 

[0025] According to the fourth aspect of the present invention, a 
circular pole piece has the same structure as the aforesaid ones. Herein, the center 
portion made of a soft magnetic material has a plurality of directional magnetic steel 
sheet tiles layered with the directions of the axes of easy magnetization thereof varied 
so that the tiles will exhibit a non-directional property as a whole, and has a non- 
directional magnetic steel sheet tile, which is devoid of an axis of easy magnetization, 
layered in combination with the directional magnetic steel sheet tile. The marginal 
portion made of a soft magnetic material is formed with non-directional magnetic 
steel sheet tiles devoid of an axis of easy magnetization. 

[0026] The permeability of a directional magnetic steel sheet is 
higher in the center thereof to which a relatively feeble external magnetic field is 
applied. On the other hand, the permeability of a non-directional magnetic steel sheet 
is lower than the permeability which the center of the directional magnetic steel sheet 
exhibits with an external magnetic field applied thereto. However, the non-directional 
magnetic steel sheet is inexpensive. 

[0027] In the circular pole piece in accordance with the fourth aspect, 
the center portion is formed by combining a directional magnetic steel sheet and a 
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non-directional magnetic steel sheet, and the marginal portion is formed with a non- 
directional magnetic steel sheet. Consequently, the residual magnetic induction in the 
center portion located near the imaging area can be minimized, and the cost of the 
circular pole piece can be further lowered. 

[0028] Moreover, directional magnetic steel sheet tiles are layered 
with the directions of the axes of easy magnetization thereof varied so that the tiles 
will exhibit a non-directional property as a whole. A residual magnetic induction can 
therefore be minimized irrespective of the direction of an external magnetic field 
(especially, the direction of a magnetic field gradient). 

[0029] According to the fifth aspect of the present invention, a 
circular pole piece has the same structure as the aforesaid ones. Herein, the center 
portion of the circular pole piece made of a soft magnetic material has a plurality of 
directional magnetic steel sheet tiles layered with the directions of the axes of easy 
magnetization thereof varied so that the tiles will exhibit a non-directional property as 
a whole. The marginal portion made of a soft magnetic material has a plurality of 
directional magnetic steel sheet tiles layered with the directions of the axes of easy 
magnetization thereof varied so that the tiles will exhibit a non-directional property as 
a whole, and has a non-directional magnetic steel sheet tile, which is devoid of an axis 
of easy magnetization, layered in combination with the directional magnetic steel 
sheet tiles. 

[0030] The permeability of a directional magnetic steel sheet is 
higher in the center of the directional magnetic steel sheet to which a relatively feeble 
external magnetic field is applied. On the other hand, the permeability of a non- 
directional magnetic steel sheet is lower than the permeability which the center of the 
directional magnetic steel sheet exhibits with the external magnetic field applied 
thereto. However, the non-directional magnetic steel sheet is inexpensive. 
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[003 1] In the circular pole piece in accordance with the fifth aspect, a 
directional magnetic steel sheet is adopted for the center portion, and the combination 
of a directional magnetic steel sheet and a non-directional magnetic steel sheet is 
adopted for the marginal portion. Consequently, the residual magnetic induction in 
the center portion located near the imaging area can be minimized, and the cost of the 
circular pole piece can be lowered. 

[0032] Moreover, directional magnetic steel sheet tiles are layered 
with the directions of the axes of easy magnetization thereof varied so that the tiles 
will exhibit a non-directional property as a whole. A residual magnetic induction can 
therefore be minimized irrespective of the direction of an external magnetic field 
(especially, the direction of a magnetic field gradient). 

[0033] According to the sixth aspect of the present invention, a 
circular pole piece has the same structure as the aforesaid ones. Herein, the center 
portion made of a soft magnetic material and the marginal portion made of a soft 
magnetic material have a plurality of directional magnetic steel sheet tiles layered with 
the directions of the axes of easy magnetization thereof varied so that the tiles will 
exhibit a non-directional property as a whole. 

[0034] The permeability of a directional magnetic steel sheet is 
relatively high in the center of the directional magnetic steel sheet to which a 
relatively feeble external magnetic field is applied. The permeability thereof in the 
margin thereof to which a relatively strong external magnetic field is applied is 
relatively low. 

[0035] In the circular pole piece in accordance with the sixth aspect, 
the same directional magnetic steel sheet is adopted for the center portion and 
marginal portion. Consequently, the residual magnetic induction in the center portion 
located near the imaging area can be minimized, and the labor for using different soft 
magnetic materials is obviated. 



16NM02127 



[0036] Moreover, directional magnetic steel sheet tiles are layered 
with the directions of the axes of easy magnetization thereof varied so that the tiles 
wall exhibit a non-directional property as a whole. A residual magnetic induction can 
be minimized irrespective of the direction of an external magnetic field (especially, 
the direction of a magnetic field gradient). 

[0037] According to the seventh aspect of the present invention, a 
circular pole piece has the same structure as the aforesaid ones. Herein, the center 
portion made of a soft magnetic material and the marginal portion made of a soft 
magnetic material have a plurality of directional magnetic steel sheet tiles layered with 
the directions of the axes of easy magnetization thereof varied so that the tiles will 
exhibit a non-directional property as a whole, and has a non-directional magnetic steel 
sheet tile, which is devoid of an axis of easy magnetization, layered in combination 
with the directional magnetic steel sheet tiles. 

[0038] The permeability of a directional magnetic steel sheet is 
relatively high in the center of the directional magnetic steel sheet to which a 
relatively feeble external magnetic field is applied. The permeability of the directional 
magnetic steel sheet is relatively low in the margin thereof to which a relatively strong 
external magnetic field is applied. On the other hand, the permeability of a non- 
directional magnetic steel sheet is lower than the permeability which the center of the 
directional magnetic steel sheet exhibits with an external magnetic field applied 
thereto. However, the non-directional magnetic steel sheet is inexpensive. 

[0039] In the circular pole piece in accordance with the seventh 
aspect, the combination of a directional magnetic steel sheet and a non-directional 
magnetic steel sheet is adopted for both the center portion and marginal portion. 
Consequently, the residual magnetic induction in the center portion located near the 
imaging area can be minimized, and the cost of the circular pole piece can be lowered. 
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[0040] Moreover, directional magnetic steel sheet tiles are layered 
with the directions of axes of easy magnetization thereof varied so that the tiles will 
exhibit a non-directional property as a whole. Consequently, the residual magnetic 
induction can be minimized irrespective of the direction of an external magnetic field 
(especially, the direction of a magnetic field gradient). 

[0041] According to the eighth aspect of the present invention, a 
circular pole piece has the same structure as the aforesaid ones. Herein, the ratio of a 
non-directional magnetic steel sheet tile to directional magnetic steel sheet tiles is 
higher in the marginal portion made of a soft magnetic material than in the center 
portion made of a soft magnetic material. 

[0042] The higher the ratio of a non-directional magnetic steel sheet 
tile to directional magnetic steel sheet tiles is, the lower the permeability is. 

[0043] In the circular pole piece in accordance with the eighth aspect, 
the ratio of a non-directional magnetic steel sheet tile adopted for the center portion is 
relatively low, and the ratio of a non-directional steel sheet adopted for the marginal 
portion is relatively high. Consequently, the residual magnetic induction in the center 
portion located near the imaging area can be minimized, and the cost of the circular 
pole piece can be lowered. 

[0044] According to the ninth aspect of the present invention, a 
circular pole piece has the same structure as the aforesaid ones. Herein, the center 
portion made of a soft magnetic material has a plurality of directional magnetic steel 
sheet tiles layered with the directions of axes of easy magnetization thereof varied so 
that the tiles will exhibit a non-directional property as a whole. The marginal portion 
made of a soft magnetic material is formed with ferrite tiles. 

[0045] In the circular pole piece in accordance with the ninth aspect, 
the permeability which the center portion made of a soft magnetic material exhibits 
with an external magnetic field applied thereto is higher than the permeability of the 
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marginal portion made of a soft magnetic material. Consequently, the residual 
magnetic induction in the center portion can be minimized. 

[0046] According to the tenth aspect of the present invention, a 
circular pole has the same structure as the aforesaid ones. Herein, the center portion 
made of a soft magnetic material is formed by combining a plurality of directional 
magnetic steel sheets tiles that is manufactured with the directions of axes of easy 
magnetization thereof varied and is layered so that the tiles will exhibit a non- 
directional property as a whole, and non-directional magnetic steel sheet tiles devoid 
of an axis of easy magnetization. The marginal portion made of a soft magnetic 
material is formed with ferrite tiles. 

[0047] In the circular pole piece in accordance with the tenth aspect, 
the permeability which the center portion made of a soft magnetic material exhibits 
with an external magnetic field applied thereto is higher than the permeability of the 
marginal portion made of a soft magnetic material. Consequently, the residual 
magnetic induction in the center portion can be minimized. 

[0048] According to the eleventh aspect of the present invention, a 
circular pole piece has the same structure as the aforesaid ones. Herein, the center 
portion made of a soft magnetic material is formed with amorphous soft magnetic 
material tiles, and the marginal portion made of a soft magnetic material is formed 
with non-directional magnetic steel sheet tiles devoid of an axis of easy 
magnetization. 

[0049] The permeability of an amorphous soft magnetic material is 
higher than the permeability of a non-directional magnetic steel sheet. 

[0050] In the circular pole piece in accordance with the eleventh 
aspect, the amorphous soft magnetic material is adopted for the center portion. 
Consequently, the residual magnetic induction in the center portion can be minimized. 
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[0051] According to the twelfth aspect of the present invention, a 
circular pole piece has the same structure as the aforesaid ones. The center portion 
made of a soft magnetic material is formed with Permalloy tiles, and the marginal 
portion made of a soft magnetic material is formed with non-directional magnetic 
steel sheet tiles devoid of an axis of easy magnetization. 

[0052] The permeability of Permalloy is higher than that of the non- 
directional magnetic steel sheet. 

[0053] In the circular pole piece in accordance with the twelfth 
aspect, Permalloy is adopted for the center portion. Consequently, the residual 
magnetic induction in the center portion can be minimized. 

[0054] According to the thirteenth aspect of the present invention, a 
circular pole piece has the same structure as the aforesaid ones. Herein, the center 
portion made of a soft magnetic material is formed with Permalloy tiles, and the 
marginal portion made of a soft magnetic material is formed with ferrite tiles. 

[0055] The permeability of Permalloy is higher than that of a ferrite. 

[0056] In the circular pole piece in accordance with the thirteenth 
aspect, Permalloy is adopted for the center portion. Consequently, the residual 
magnetic induction in the center portion can be minimized. 

[0057] According to the fourteenth aspect of the present invention, 
there is provided an MRI system including a circular pole piece that has the same 
structure as the aforesaid ones. 

[0058] In the MRI system in accordance with the fourteenth aspect, 
the residual magnetic induction in the center portion of the circular pole piece can be 
minimized. Consequently, the adverse effect of the residual magnetic induction can 
be suppressed, and the MRI image quality can be improved. 
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[0059] According to a circular pole piece and an MRI system in 
which the present invention is implemented, the residual magnetic induction in the 
center portion of the circular pole piece located near an imaging area can be 
minimized. This results in the improved MRI image quality. 

[0060] Further objects and advantages of the present invention will 
be apparent from the following description of the preferred embodiments of the 
invention as illustrated in the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0061] Fig. 1 is a plan view showing a circular pole piece in 
accordance with a first embodiment of the present invention. 

[0062] Fig. 2 is an A-A f sectional view of the circular pole piece 
shown in Fig. 2. 

[0063] Fig. 3 is a perspective view showing the laminate structure of 
a center-portion laminate block employed in the first embodiment. 

[0064] Fig. 4 is a perspective view showing the laminate structure of 
a marginal-portion laminate block employed in the first embodiment. 

[0065] Fig. 5 shows a characteristic curve indicating the changes in 
the permeabilities of a directional magnetic steel sheet and a non-directional magnetic 
steel sheet respectively deriving from application of an external magnetic field. 

[0066] Fig. 6 is an explanatory diagram concerning a method of 
manufacturing directional magnetic steel sheet tiles employed in the first embodiment. 

[0067] Fig. 7 is an explanatory diagram showing integration of a 
center-portion laminate block through bonding employed in the first embodiment. 
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[0068] Fig. 8 is an explanatory diagram concerning a method of 
manufacturing non-directional magnetic steel sheet tiles employed in the first 
embodiment. 

[0069] Fig. 9 is a perspective view showing the laminate structure of 
a laminate block employed in second to fourth embodiments. 

[0070] Fig. 10 is a sectional view showing the major part of an MRI 
system in accordance with an eighth embodiment. 

DETAILED DESCRIPTION OF THE INVENTION 

[0071] The present invention will be described in relation to 
illustrated embodiments below. 

[0072] First Embodiment 

[0073] Fig. 1 is a plan view showing a circular pole piece 300 in 
accordance with a first embodiment. Fig. 2 is an A-A' sectional view of the circular 
pole piece shown in Fig. 1 . 

[0074] The circular pole piece 300 comprises: a ring 101; a disk-like 
base 102 disposed inside the ring 101 and made of a carbon steel; center-portion 
laminate blocks 303a arranged substantially circularly on the center portion of the 
base 102; and marginal-portion laminate blocks 303b arranged substantially like a 
doughnut on the marginal portion of the base 102. 

[0075] The height of the center-portion laminate blocks 303a is, for 
example, 42 mm, and the height of the marginal-portion laminate blocks 303b is, for 
example, 36 mm. 

[0076] Fig. 3 is an explanatory diagram showing the laminate 
structure of each of the center-portion laminate blocks 303a. 
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[0077] Each of the center-portion laminate blocks 303a comprises: a 
directional magnetic steel sheet tile 90 having an axis of easy magnetization Ax in the 
direction of the short sides of the block; a directional magnetic steel sheet tile 91 
having an axis of easy magnetization Ax in a direction defined by turning the short- 
side direction 30 □ clockwise; a directional magnetic steel sheet tile 92 having an axis 
of easy magnetization Ax in a direction defined by turning the short-side direction 
60 □ clockwise; a directional magnetic steel sheet tile 93 having an axis of easy 
magnetization Ax in the direction of the long sides of the block; a directional 
magnetic steel sheet tile 92 that is manufactured by turning over the directional 
magnetic steel sheet tile 92, which the axis of easy magnetization Ax in the direction 
defined by turning the short-side direction 60 □ clockwise, so that it will have an axis 
of easy magnetization Ax in a direction defined by turning the long-side direction 30 □ 
clockwise; and a directional magnetic steel sheet tile 91 that is manufactured by 
turning over the directional magnetic steel sheet tile 91, which has the axis of easy 
magnetization Ax in the direction defined by turning the short-side direction 30 □ 
clockwise, so that it will have an axis of easy magnetization Ax in a direction defined 
by turning the long-side direction 60 □ clockwise. These tiles are repeatedly layered 
so that they will exhibit a non-directional property as a whole. The directional 
magnetic steel sheet tiles 90 to 93 are shaped like a rectangle whose short sides are 2.5 
cm long and whose long sides are 5 cm long. Incidentally, the long sides may be 5 cm 
or less in length. The thickness of the directional magnetic steel sheet tiles 90 to 93 is, 
for example, 0.35 mm. Consequently, 120 directional magnetic steel sheet tiles are 
layered. 

[0078] Fig. 4 is an explanatory diagram showing the laminate 
structure of each of the marginal-portion laminate blocks 303b. 

[0079] Each of the marginal-portion laminate blocks 303b has non- 
directional magnetic steel sheet tiles 94, which are shaped like a rectangle whose short 
sides are 2.5 cm long and whose long sides are 5 cm long, layered. The thickness of 
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the non-directional magnetic steel sheet tiles 94 is, for example, 0.35 mm. 
Consequently, 102 non-directional magnetic steel sheet tiles 94 are layered. 

[0080] Fig. 5 shows a characteristic curve indicating the 
permeabilities which a directional magnetic steel sheet and a non-directional magnetic 
steel sheet exhibit with an external magnetic field applied thereto. 

[0081] The strength of an external magnetic field applied to the 
center portion of the circular pole piece 300 ranges, for example, from 20 A/m to 60 
A/m. The strength of an external magnetic field applied to the marginal portion 
thereof ranges, for example, from 50 A/m to 150 A/m. The permeability which the 
directional magnetic steel sheet tiles 90 to 93 exhibit with an external magnetic field 
applied thereto is twice or more larger than the permeability which the non-directional 
magnetic steel sheet tiles 94 exhibit with the external magnetic field applied thereto. 

[0082] Consequently, the residual magnetic induction in the center 
portion of the circular pole piece 300 can be minimized. 

[0083] The center-portion laminate block 303a shown in Fig. 3 is 
manufactured as described below. 

[0084] First, as shown in Fig. 6, a directional magnetic steel sheet DS 
is cut using a die in order to produce numerous directional magnetic steel sheet tiles 
90 to 93. 

[0085] Thereafter, as shown in Fig. 3, a required number of 
directional magnetic steel sheet tiles 90 to 93 are layered by performing internal die 
caulking or the like. This results in the center-portion laminate block 303a. 

[0086] Thereafter, as shown in Fig. 7, the center-portion laminate 

block 303a is immersed in an adhesive solution L. Thereafter, the center-portion 

laminate block 303a is hardened and integrated for fear it may be disunited with 
electromagnetic force. 
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[0087] The marginal-portion laminate block 303b shown in Fig. 4 is 
manufactured as described below. 

[0088] First, as shown in Fig. 8, a non-directional magnetic steel 
sheet NS is cut using a die in order to produce numerous non-directional magnetic 
steel sheet tiles 94. 

[0089] Thereafter, as shown in Fig. 4, a required number of non- 
directional magnetic steel sheet tiles 94 are layered to produce the marginal-portion 
laminate block 303b. 

[0090] Similarly to the one shown in Fig. 7, the marginal-portion 
laminate block 303b is immersed in the adhesive solution L. Thereafter, the marginal- 
portion laminate block 303b is hardened and integrated. 

[0091] Using the foregoing circular pole piece 300, the residual 
magnetic induction in the center portion thereof located near the imaging area can be 
minimized. Moreover, since the maximum length of the center-portion laminate 
block 303a and marginal-portion laminate block 303b is 5 cm, the adverse effect of an 
eddy current caused with application of a magnetic field gradient can be minimized. 

[0092] Second Embodiment 

[0093] Fig. 9 is an explanatory diagram showing the laminate 
structure of a laminate block 303 employed in a second embodiment. 

[0094] The laminate block 303 comprises: a directional magnetic 
steel sheet tile 90 having an axis of easy magnetization Ax in the direction of the short 
sides of the block; a directional magnetic steel sheet tile 91 having an axis of easy 
magnetization Ax in a direction defined by turning the short-side direction 30 □ 
clockwise; a directional magnetic steel sheet tile 92 having an axis of easy 
magnetization Ax in a direction defined by turning the short-side direction 60 □ 
clockwise; a directional magnetic steel sheet tile 93 having an axis of easy 
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magnetization Ax in the direction of the long sides of the block; a directional 
magnetic steel sheet tile 92 that is manufactured by turning over the directional 
magnetic steel sheet tile 92, which has the axis of easy magnetization Ax in the 
direction defined by turning the short-side direction 60 □ clockwise, so that it will 
have an axis of easy magnetization Ax in a direction defined by turning the long-side 
direction 30 □ clockwise; a directional magnetic steel sheet tile 91 that is 
manufactured by turning over the directional magnetic steel sheet tile 91, which has 
the axis of easy magnetization Ax in the direction defined by turning the short-side 
direction 30 □ clockwise, so that it will have an axis of easy magnetization Ax in a 
direction defined by turning the long-side direction 60 □ clockwise; and a non- 
directional magnetic steel sheet tile 94. These tiles are repeatedly layered so that they 
will exhibit a non-directional property as a whole. 

[0095] When the laminate block 303 shown in Fig. 9 is adopted for 
the center-portion laminate block 303a, it is combined with the margin laminate block 
303b shown in Fig. 4. 

[0096] When the laminate block 303 shown in Fig. 9 is adopted for 
the marginal-portion laminate block 303b, it is combined with the center-portion 
laminate block 303a shown in Fig. 3. 

[0097] The laminate block 303 shown in Fig. 9 is manufactured as 
described below. 

[0098] First, as shown in Fig. 6, a directional magnetic steel sheet DS 
is cut using a die in order to produce numerous directional magnetic steel sheet tiles 
90 to 93. 

[0099] Thereafter, as shown in Fig. 8, a non-directional magnetic 
steel sheet NS is cut using a die in order to produce numerous non-directional 
magnetic steel sheet tiles 94. 
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[00100] Thereafter, as shown in Fig. 9, a required number of 
directional magnetic steel sheet tiles 90 to 93 and a required number of non- 
directional magnetic steel sheet tiles 94 are layered to produce the laminate block 303. 

[00101] Similarly to the one shown in Fig. 7, the laminate block 303 
is immersed in the adhesive solution L, and then hardened and integrated. 

[00 1 02] Third Embodiment 

[00103] The center-portion laminate block 303a shown in Fig. 3 may 
be adopted as the marginal-portion laminate block 303b. This is because in the 
marginal portion of the circular pole piece 300, there is no large difference between 
the permeability which the directional magnetic steel sheet tiles 90 to 93 exhibit with 
an external magnetic field applied thereto and the permeability of the non-directional 
magnetic steel sheet tiles 94. 

[00 1 04] Fourth Embodiment 

[00105] The laminate block 303 shown in Fig. 9 may be adopted as 
the center-portion laminate block 303a and marginal-portion laminate block 303b 
alike. In this case, preferably, the ratio of the non-directional magnetic steel sheet tile 
94 to the directional magnetic steel sheet tiles 90 to 93 is made relatively low in the 
center-portion laminate block 303a but made relatively high in the marginal-portion 
laminate block 303b. 

[00 1 06] Fifth Embodiment 

[00107] A directional magnetic steel sheet may be adopted as a soft 
magnetic material to be made into the center-portion laminate block 303a, and a 
ferrite may be adopted as a soft magnetic material to be made into the marginal- 
portion laminate block 303b. 



[00 1 08] Sixth Embodiment 
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[00109] The combination of a directional magnetic steel sheet and a 
non-directional magnetic steel sheet may be adopted as a soft magnetic material to be 
made into the center-portion laminate block 303a. A ferrite may be adopted as a soft 
magnetic material to be made into the marginal-portion laminate block 303b. 

[00 1 1 0] Seventh Embodiment 

[00111] An amorphous soft magnetic material or Permalloy may be 
adopted as a soft magnetic material to be made into the center-portion laminate block 
303a, and a non-directional magnetic steel sheet or a ferrite may be adopted as a soft 
magnetic material to be made into the marginal-portion laminate block 303b. 

[00112] An amorphous soft magnetic material such as Co-Nb-Zr 
(metal-metal series) or Co-Fe-B-Si (metal-metalloid series) may be adopted as the 
amorphous soft magnetic material. 

[00 1 1 3] Eighth Embodiment 

[001 14] Fig. 10 is a sectional view showing the major part of an MRI 
system in accordance with an eighth embodiment. 

[00115] An MRI system 400 is an open MRI system. Herein, a 
magnetic circuit composed of permanent magnets M vertically opposed to each other, 
base yokes YB, support yokes YP, and circular pole pieces 300 is used to induce a 
static magnetic field in a vertical direction between the circular pole pieces 300. 

[00116] According to the MRI system 400, since the residual 
magnetic induction in each of the center portions of the circular pole pieces 300 is 
limited, the adverse effect of the residual magnetic induction can be suppressed and 
the MRI image quality can be improved. 

[00117] Incidentally, the circular pole piece in accordance with any 
of the second to seventh embodiments may be adopted as the circular pole pieces 300. 
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[00118] Moreover, a superconducting magnet may be adopted on 
behalf of the permanent magnets M. 

[00 1 1 9] Other Embodiments 

[00120] (1) In the aforesaid embodiments, the circular pole piece 300 
is divided into two portions, that is, the center portion and marginal portion. 
Alternatively, the circular pole piece 300 may be divided into three or more portions, 
that is, the center portion and marginal portion, and one or more intermediate portions. 
In this case, a soft magnetic material permitting the highest possible permeability with 
an external magnetic field applied thereto should be adopted for the portions. 
Therefore, for example, the circular pole piece may be divided into three portions, that 
is, the center portion, marginal portion, and intermediate portion, soft magnetic 
materials having different compositions may be adopted for the respective portions. 

[00121] (2) The center-portion laminate block 303a and marginal- 
portion laminate block 303b may be shaped like a square or a trapezoid. 

[00122] Many widely different embodiments of the invention may be 
configured without departing from the spirit and the scope of the present invention. It 
should be understood that the present invention is not limited to the specific 
embodiments described in the specification, except as defined in the appended claim. 
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